CA3 and CA1 neurons in hippocampal slices ‫4-2ف‬ hr is required in the interpretation of results using pharmacological agents, several lines of evidence suggest that after induction of L-LTP. In these experiments, L-LTP was induced by exposing slices for 15 min to Sp-cAMPS Sp-cAMPS-induced L-LTP is indeed closely related to electrically induced L-LTP (see Discussion). (50 M), a membrane permeable analog of cAMP (Frey et al., 1993) . We have used Sp-cAMPS to induce L-LTP,
We first tested the ability of Sp-cAMPS to induce potentiation under the conditions of our experiments rather than electrical stimulation, for two reasons. First, bath application of Sp-cAMPS has the important advan-(using thin submerged slices from 2-to 4-week-old rats maintained at room temperature), which differed slightly tage in that it should, in principle, cause potentiation at all synapses. In contrast, electrical stimulation is likely from previous experiments (using thicker slices in an interface chamber at 37ЊC; e.g., Frey et al., 1993) . As to potentiate only a fraction of the synapses. Induction of LTP at all synapses is particularly important for studshown in Figure 1 , a brief exposure to Sp-cAMPS causes a persistent enhancement of synaptic transmission as ies of L-LTP, which can require 1-2 hr to develop fully. This is considerably longer than the duration of our typimeasured by the extracellular field EPSP from stratum radiatum. This enhancement is blocked when the slices cal whole-cell recordings, necessitating a comparison between populations of slices in which L-LTP is or is are pretreated with either anisomycin, an inhibitor of protein synthesis (Figures 1A and 1B) , or Rp-cAMPS not induced. Second, cAMP application selectively induces L-LTP, whereas electrical stimulation also re-( Figure 1C ), a competitive cAMP antagonist (Van Haastert et al., 1984) . The enhancement represents a persiscruits E-LTP (Frey et al., 1993) . Although some caution tent induction effect of the brief Sp-cAMPS treatment prominent peaks, one near 0 pA (failures) and one that lies between Ϫ3 and Ϫ5 pA (successes). We find that and is not due to the prolonged presence of Sp-cAMPS within the slice, because Rp-cAMPS does not block the two peaks are usually well approximated by the sum of two Gaussian functions (see below). When E-LTP is L-LTP when applied 2 hr after the initial exposure to Sp-cAMPS. induced at these unitary synapses by pairing postsynaptic depolarization with presynaptic stimulation, there is a pronounced decrease in the fraction of failures with Early LTP Is Associated with an Increase in the Probability of Release no change in the mean size of the successes or their distribution (Figures 2B and 2C; Stevens and Wang, at a Single Synapse We next compare the properties of unitary synaptic 1994; Bolshakov and Siegelbaum, 1995) . These data indicate that a CA3 neuron usually makes transmission under three conditions: (1) basal synaptic transmission (no treatment), (2) after induction of E-LTP, only a single synaptic contact onto a CA1 neuron. This contact releases a single quantum of transmitter in an and (3) after induction of L-LTP by Sp-cAMPS. We first examine the properties of unitary synaptic transmission all-or-none manner in response to a presynaptic action potential. Under the conditions of our experiments, under basal conditions and following induction of E-LTP. Unitary EPSCs were recorded from a CA1 pyramidal E-LTP involves a selective enhancement of the probability of release at this synapse, with no change in quantal neuron in response to stimulation of a presynaptic CA3 neuron using a focal current pulse from an extracellular amplitude or increase in the maximal number of quanta released per action potential. patch pipette pressed against the CA3 cell body, a method which recruits only a single CA3 cell (see Experimental Procedures; Bolshakov and Siegelbaum, 1995) .
There Is a Decrease in Failure Rate and an Increase in Quantal Content during L-LTP As previously reported under basal conditions, unitary CA3-CA1 synaptic transmission shows two distinctive
We next examined the changes in synaptic function upon induction of L-LTP with Sp-cAMPS. Amplitude hisfeatures (Bolshakov and Siegelbaum, 1995; Stevens and Wang, 1995) . First, a large fraction of the presynaptic tograms of EPSCs from slices that had been exposed to Sp-cAMPS reveal two striking differences with basal stimuli (Ͼ50%) fail to evoke an EPSC in the postsynaptic cell (Figures 2A, 3A, and 3E) . Second, the amplitude EPSC histograms ( Figures 2D, 3A , and 3B). First, the fraction of failures is generally quite small, well below histogram of the evoked responses exhibits only two The line within the boxes marks the median and the box boundaries indicate the twentyfifth and seventy-fifth percentiles. The bars denote the tenth and ninetieth percentiles. Mean values for q in basal (control) slices (n ϭ 17), slices treated with Sp-cAMPS (n ϭ 15), and slices treated with Sp-cAMPS plus anisomycin (n ϭ 6) were (in pA): Ϫ3. 8 Ϯ 0.8, Ϫ4.0 Ϯ 0.7, and Ϫ3.8 Ϯ 0.3, respectively (no significant difference) . Mean values for p in the same three conditions were (in pA): 4.0 Ϯ 0.8, 6.2 Ϯ 2.2, and 4.7 Ϯ 1.0. p was significantly larger after Sp-cAMPS compared to control (t ϭ 4.31; p Ͻ 0.001). (E) Box plots for fraction of failures, f, and coefficient of variation (CV) of EPSC successes. Mean values for f in control, SpcAMPS and Sp-cAMPS plus anisomycin were 0.59 Ϯ 0.14, 0.17 Ϯ 0.05, and 0.59 Ϯ 0.07, respectively. f was significantly lower after treatment with Sp-cAMPS compared to control (t ϭ 1.14; p Ͻ 0.0001). Mean values for CV of EPSC successes in the same three conditions were 31.5 Ϯ 5.2%, 46.5 Ϯ 14.7%, and 28.4 Ϯ 5.5%. CV was significantly greater in Sp-cAMPS than in control (t ϭ 3.96; p Ͻ 0.001).
(F) Number of Gaussian components required to fit successes. Each symbol represents a separate experiment. Data are shown for control conditions (group on the left; n ϭ 17), after pretreatment with Sp-cAMPS (middle group; n ϭ 15), and Sp-cAMPS plus anisomycin (group on the right; n ϭ 6). (G) Mean fractional area under each Gaussian component fit to successes. Error bars, SD. 50% ( Figure 3E ), similar to E-LTP. However, unlike 4, and 7). These effects of Sp-cAMPS on unitary synaptic properties are largely blocked when the slices are pre-E-LTP, there is also a marked increase in the mean size of the successful EPSC responses (termed potency by treated with the protein synthesis inhibitor anisomycin (Figures 2E, 2F, . Stevens and Wang, 1994) . This is accompanied by a broadening of the distribution of EPSC successes, as According to the classical quantal analysis of del Castillo and Katz at the neuromuscular junction (1954; see indicated by an increase in their coefficient of variation (CV, standard deviation [SD]/mean; Figure 3E ). The enalso Redman, 1990) , the multiple peaks in the EPSC histogram that appear during L-LTP reflect the release hanced potency could either be due to an increase in the postsynaptic response to a single quantum of transof multiple quanta of transmitter. The first Gaussian component (to the right of the failures peak) fit to the mitter (enhanced quantal amplitude, q) or to an increase in the number of quanta that comprise a successful successes reflects the postsynaptic response to a single quantum of transmitter. Each successive Gaussian peak EPSC. Inspection of the individual EPSC amplitude histograms supports the latter possibility.
represents the postsynaptic response to the simultaneous release of an increasing number of quanta. Based In contrast to both basal conditions and during E-LTP, the EPSC amplitude histograms during L-LTP often on the results at the neuromuscular junction, these successive peaks are expected to occur at integral multishow a distinct shoulder of large events, and the successes usually require more than one Gaussian compoples of the first peak.
To determine the minimum number of Gaussian comnent for an adequate fit ( Figures 2D, 3F , and 3G). In a number of instances, the distribution of EPSC sucponents, n, required to fit the EPSC amplitude distributions, we used the quantitative, statistical method cesses clearly exhibits multiple peaks (e.g., Figures 2D, . Four Gaussian components provide a better fit than one, two, or three Gaussian components or a cubic Gaussian at a confidence level of ␣ Ͻ 0.01. Five Gaussian components (H1) provide a slightly greater L value compared to four components (H0) but at a level of ␣ Ͻ 0.62 (G). (Stricker and Redman, 1994; Stricker et al., 1994) shown ratios of 1:2:3:4 predicted by the quantal hypothesis. The protein synthesis inhibitor anisomycin largely prevented in Figure 4 . This approach relies on a maximum likelihood criteria to evaluate the goodness of fit to the the increase in the number of Gaussian components observed with Sp-cAMPS. Thus, three out of six distribu-EPSC amplitude histogram of distributions composed of the sum of n Gaussian components. The number of tions under these conditions are adequately fit by a single Gaussian component, and only one synapse reGaussian components fit to the successes is incrementally increased until the improvement in the fit (increase quired more than two Gaussian components ( Figures  3F and 3G ). in likelihood) between n and n ϩ 1 Gaussian components is not statistically significant (␣ Ͼ 0.05), as judged using a These results are consistent with the view that L-LTP involves an increase in the maximal number of quanta Monte Carlo simulation (see Experimental Procedures).
In control conditions, the distribution of EPSC sucreleased per action potential. Since the mean amplitude of events that fall under the first peak of successes in cesses for 12 out of the 17 unitary synapses (70%) required only a single Gaussian component for an adethe EPSC amplitude histogram does not change during L-LTP ( Figure 3D ), we conclude that the quantal ampliquate fit, consistent with the release of at most a single quantum per action potential ( Figure 3F ). The five retude is not altered, indicating that the postsynaptic sensitivity to transmitter remains unchanged. maining synapses (30%) required a second Gaussian component ( Figure 3G ). Following induction of L-LTP, the EPSC success distributions typically require two or Multiquantal EPSCs during L-LTP Are Not Due to Stimulation of Multiple Inputs more Gaussian components ( Figures 3F and 3G ). Only one out of 15 EPSC distributions (Ͻ10%) during L-LTP A simple explanation for the increase in the number of quanta released is that the Sp-cAMPS treatment leads was adequately fit by a single Gaussian component, whereas nine of the distributions (60%) required three to an increase in CA3 cell excitability, causing us to routinely activate multiple presynaptic CA3 neurons with or four Gaussian components. The amplitudes of the second, third, and fourth Gaussian components of the our focal stimulation. However, we observed no change in the fiber volley measured by the extracellular field successes normalized by the amplitude of the first Gaussian component lie at 1.89 Ϯ 0.06 (n ϭ 15), 2.91 Ϯ potential recordings ( Figure 1A ; basal, 0.25 Ϯ 0.03 mV versus Sp-cAMPs, 0.26 Ϯ 0.04 mV; n ϭ 5, p Ͼ 0.2), a 0.08 (n ϭ 11), and 4.15 Ϯ 0.15 (n ϭ 4), close to the integral (B2) show EPSC amplitude histograms associated with these two experiments. Histograms show low failure rate and broad success distribution fit by multiple Gaussian components, typical of L-LTP data. Fewer events were collected for histograms in these experiments than normal (owing to the fact that the extended threshold intensity test was also applied), so the Gaussian fits are less well defined. measure of the number of presynaptic fibers recruited account for the changes in the EPSC histogram. The first two mechanisms both postulate that the EPSC during by the field stimulus, arguing against an increase in presynaptic excitability. Moreover, a test for whether L-LTP is due to the release of only a single quantum of transmitter. However, changes in the postsynaptic the focal stimulation recruits unitary synapses using stimulating currents of incremental intensities (Raastad receptor properties during L-LTP lead to the observed changes in the EPSC distribution. The third mechanism et al., 1992) also argues against the recruitment of multiple presynaptic cells. Thus, we find that both for control postulates a switch from uniquantal to multiquantal release during L-LTP, but through the postsynaptic reslices and following Sp-cAMPS treatment, EPSCs are evoked with a relatively sharp, all-or-none threshold of cruitment of silent synapses (Kullman, 1994; Isaac et al, 1995; Liao et al., 1995) . stimulating current intensity. Once threshold is reached, the mean EPSC amplitude does not change, even with According to the first postsynaptic mechanism, some change in receptor properties would give rise to large a twofold increase in current stimulus intensity (n ϭ 5 for L-LTP), consistent with recruitment of only a single EPSCs with variable amplitude, resulting in a unimodal but positively skewed distribution of successes during presynaptic input (Figures 5A and 5B) . Moreover, if the large EPSCs were due to recruitment of multiple presyn-L-LTP. The multiple Gaussian components and multiple peaks sometimes observed would be artifacts resulting aptic neurons, we would expect that small differences in firing latency, conduction, release properties, and from the sampling of a limited number of events. Previous studies have, in fact, observed that hippocampal electrotonic distance of synaptic inputs among the different neurons would lead to a broadening of the rising quantal responses are positively skewed (Bekkers et al., 1990; Liu and Tsien, 1995) . This may occur because phase of the EPSC. However, we find that the rise time of the large EPSCs is identical to that of the small EPSCs synaptic vesicle diameters have a Gaussian distribution, causing the distribution of vesicle volumes, and hence at a given synaptic connection ( Figure 5C ).
transmitter content and synaptic response, to vary as the third power of a Gaussian function (Bekkers et al., The Apparent Increase in Quantal Content Is Not Due to Changes in the Properties 1990). In our recordings, however, the majority of EPSC success distributions, either under control conditions of Postsynaptic Receptors Three alternative mechanisms that invoke a purely post-(12 out of 17) or following Sp-cAMPS (12 out of 15), are better fit by one or more Gaussian functions than by synaptic change during L-LTP can also, in principle, The number of EPSCs with amplitudes less than the value on the x-axis is plotted. Total number of events ϭ 473. A tenth order polynomial provided a unimodal, continuous approximation of the data (smooth curve). We excluded failures in the fitting as well as the extreme high end of the EPSCs (amounting to 0.025 of the data at both high and low ends of the distribution). (B) Top traces show the probability density function (PDF) for experimental data (multipeaked curve) and the derivative of the polynomial curve shown in (A) (unimodal curve). Bottom trace shows the difference between the experimental and polynomial PDFs, illustrating the presence of approximately equally spaced peaks, with spacing around Ϫ4 pA. (C) Spectral density plots obtained using a fast Fourier transform of the PDF difference curve shown in (B). Spectral density is plotted as a function of frequency (1/current). S max is peak spectral density, which occurs at a frequency equal to 1/q, where q is spacing between peaks and equals Ϫ3.96 pA. A multiGaussian fit to the same distribution yields a similar value for q of Ϫ4.15 pA. (D) Distribution of S max values for 100 simulated PDFs obtained by random sampling of 473 events from the unimodal polynomial PDF shown in (A). S max for the experimental data (indicated on the plot) was greater than those from all 100 simulations, yielding a significance of p Ͻ 0.01. (E) Summary of spectral analysis data for EPSC histograms under basal conditions (closed symbols) and after induction of L-LTP (open symbols). For each experiment, we plot S max normalized by total variance of the spectra (y-axis) versus the p value for the null hypothesis that each EPSC distribution is unimodal (no multiquantal peaks). The dashed line shows a significance level of 0.05. skewed, unimodal distributions (including a gamma dissingle component (16 out of 17 distributions). In contrast, during L-LTP the majority of EPSC success distritribution, Weibull distribution, or cubic transformed Gaussian distribution; see butions are indeed composed of multiple peaks at quantal intervals (8 out of 15 distributions, p Ͻ 0.05; imental Procedures; ␣ Ͻ 0.05). Nonetheless, the statistical approach cannot rule out the possibility that some Figure 6E ). Moreover, the estimates for quantal amplitude from spectral analysis are very close to those obskewed distribution may fit the data better than multiple Gaussian components.
tained from the Gaussian fits. To explore further whether the EPSC histograms are indeed composed of multiple quantal components, we Ca 2؉ Elevation Indicates That EPSCs during L-LTP Reflect Multiquantal Transmitter Release used two additional approaches that do not require the fitting of Gaussian components, spectral analysis and If multiple quanta are released from independent release sites during L-LTP, then increasing the probability of Ca 2ϩ elevation. The first is spectral analysis (Dityatev et al., 1994) , which evaluates whether an EPSC success release by elevating external Ca 2ϩ should increase the number of quanta released per presynaptic action podistribution is genuinely composed of multiple peaks of a constant quantal spacing, q, as opposed to the peaks tential. This should shift the distribution of the EPSC successes to increase the fraction of events associated arising from random sampling from a unimodal distribution ( Figure 6 ; see Experimental Procedures). This apwith peaks corresponding to the release of multiple quanta. However, the position of the peaks on the curproach shows that the vast majority of EPSC success distributions under basal conditions are composed of a rent axis should remain unchanged. If the peaks are Before averaging each histogram, the mean value of the Gaussian component fit to the failures peak was subtracted from the x-axis (current) value associated with each bin. These subtracted values were then normalized by the estimated quantal amplitude (difference in mean value between Gaussian fit to first success peak and Gaussian fit to failures peak).
artifacts, for example, arising from limited sampling of supporting the view that only a single quantum of transmitter is released. a skewed unimodal distribution, enhancing extracellular calcium might result in random changes in the distribuFurther evidence that the peaks are indeed genuine and reflect multiquantal release during L-LTP is seen tion, possibly shifting both the positions and the distribution of peaks in an unpredictable manner.
upon averaging the individual EPSC distributions ( Figure  8 ). If the peaks in the individual EPSC histograms are Elevation of external Ca 2ϩ during L-LTP both decreases the fraction of failures and, importantly, indue to sampling artifacts, then they should become less pronounced upon averaging. Under basal conditions, creases the proportion of larger events in the EPSC success distribution, without altering the position of the the averaged EPSC histograms show only a single peak of successes ( Figures 8A and 8B ). Ca 2ϩ elevation inpeaks ( Figures 7A-7C) . In some cases, EPSC histograms that show only a single prominent peak of successes in creases the fraction of successes without altering the shape of their distribution. In contrast, during L-LTP, normal external Ca 2ϩ display multiple peaks in elevated Ca 2ϩ ( Figure 7C ). The shift in the EPSC success distribuprominent peaks corresponding to one, two, and three quanta released simultaneously are indeed evident in tion is clearly observed for both individual histograms ( Figures 7A-7C ) and in the cumulative EPSC success the averaged EPSC histogram in elevated Ca 2ϩ ( Figure  8D ). The multiquantal peaks are not seen, however, in distribution ( Figure 7D ). In contrast, under basal conditions, Ca 2ϩ elevation only increases the fraction of sucnormal Ca 2ϩ ( Figure 8C ), most likely due to the lower release probability. cesses, with no change in the success distribution (Figure 7E ; see also Bolshakov and Siegelbaum, 1995),
These results also allow us to rule out the second postsynaptic mechanism for the multiquantal EPSCs. histograms for the non-NMDAR and NMDAR EPSCs under basal conditions (Figure 9 ). Following measurement This mechanism postulates that the quantal fluctuations in the successful EPSCs during L-LTP reflect fluctuaof the non-NMDA receptor EPSCs, we applied CNQX to block the non-NMDA receptors and bathed the slices tions in the size of the postsynaptic response to the release of a single vesicle of transmitter due to the presin a Mg 2ϩ -free solution to allow the NMDA receptors to conduct. Contrary to the predictions of the silent synence of multiple quantal clusters of postsynaptic receptors (Figure 7, inset; Edwards, 1991) . This hypothesis, apse model, the NMDAR EPSCs exhibit a high fraction of failures, similar to that of the non-NMDAR EPSCs (f ϭ however, predicts that increasing the probability of release through Ca 2ϩ elevation should only decrease the 0.62 Ϯ 0.02, n ϭ 4, for NMDAR EPSCs versus f ϭ 0.54 Ϯ 0.04 for non-NMDAR EPSCs). Moreover, the amplitude fraction of failures and not alter the shape of the EPSC success distribution, which is inconsistent with the histogram shows only a single success peak that is well fit by a single Gaussian function. As Mg 2ϩ removal is above results. Although the effect of Ca 2ϩ elevation on the EPSC success distribution could conceivably be due likely to increase the probability of transmitter release and increase electrical excitability, the NMDAR EPSC to a sensitivity of the postsynaptic receptor clusters to external Ca 2ϩ , this possibility can be ruled out, since failure rate provides a lower limit to the failures rate expected in normal extracellular solution. Ca 2ϩ elevation does not alter the size of the spontaneous miniature EPSCs (mEPSCs; Figure 10E ), a measure of One complication in these studies is that the background noise level invariably increases in the Mg 2ϩ -free the postsynaptic response to the spontaneous release of a single quantum of transmitter (Fatt and Katz, 1952;  solution. (Attempts to study NMDAR EPSCs using postsynaptic depolarization to relieve Mg 2ϩ block met with but see below).
The fact that Ca 2ϩ elevation, which dramatically enlittle success due to an even larger increase in background noise). The increased noise might obscure multihances transmitter release, shifts the EPSC amplitude distribution during late LTP suggests that, at normal ple peaks in the successes and might cause us to miss small EPSCs, leading us to overestimate the fraction of Ca 2ϩ levels, the release probability of the new synapses must be relatively low. This leads to the prediction that failures. We have used a Monte Carlo simulation to show that the fraction of failures in Mg 2ϩ -free solution can paired pulse facilitation, which results from an increased probability of transmitter release during the second of be determined to within 10% of its value if the acutal distribution is identical to the two Gaussian components a pair of closely spaced stimuli (Zucker, 1988) , should not be occluded during the late phase of LTP. Indeed, we fit to the observed NMDAR EPSC distribution. To further address the possible presence of multiple find that following Sp-cAMPS treatment, paired pulse facilitation is unchanged compared to control ( Figure  NMDAR synaptic sites, we studied the effects of elevation of external Ca 2ϩ on the NMDA component of the 1D). This type of result has been interpreted to show that E-LTP is postsynaptic. Our data, however, show EPSC. As we previously argued for the non-NMDA component of the EPSC, if there is only a single functional that failure to occlude paired pulse facilitation may simply indicate that release probability is far from saturating.
NMDA receptor-mediated synapse that releases at most a single quantum of transmitter, then elevation of Ca 2ϩ should increase the fraction of successful EPSCs but
Recruitment of Silent Synapses Is Not
should not change the mean size of the successes. As Likely to Underlie L-LTP shown by the cumulative EPSC success distribution of The third and final postsynaptic mechanism that we Figure 9D , this is indeed what we found. Increasing consider to explain the multiquantal EPSCs during external Ca 2ϩ has no effect on the mean amplitude or L-LTP is the unmasking of silent synapses (Kullman, shape of the successful NMDAR EPSC distribution, al-1994; Isaac et al., 1995; Liao et al., 1995) . According to though the fraction of failures is reduced from 0.6 to 0.3 the silent synapse hypothesis, a presynaptic cell makes (data not shown). multiple synaptic contacts with a given postsynaptic
The above results show that both non-NMDAR and cell, but, under basal conditions, most of the presynaptic NMDAR EPSCs are usually composed of a single quanrelease sites contact postsynaptic membrane that contum of transmitter under basal conditions. Thus, the multitains only NMDA-type glutamate receptors (Figure 9 , quantal, non-NMDAR EPSCs observed during L-LTP are inset). The non-NMDA receptors are either not present unlikely to result from the unmasking of silent synapses. or nonfunctional. At the normal resting potential, such
Since our experiments were always performed on cell synapses would be silent because the NMDA receptors pairs that start out with at least one active non-NMDA (NMDARs) will be blocked by extracellular Mg 2ϩ . Recruitsynapse, our results do not rule out the possibility that ment of non-NMDARs to these silent synapses during silent synapses may exist between cells that contain L-LTP would enhance the number of functional synno active non-NMDA synapses. However, unless our apses, consistent with our results obtained with Sprecordings select for atypical cell pairs, the number of cAMPS treatment. This hypothesis predicts that under silent synapses on such cells is unlikely to be greater basal conditions, recordings of the NMDAR component than one, and thus their recruitment cannot account for of unitary EPSCs between a single CA3 and a single the multiple synapses observed during L-LTP. CA1 neuron should reveal the presence of these multiple release sites. Accordingly, the NMDAR EPSC amplitude
Changes in Miniature EPSC Amplitude during L-LTP histogram should resemble that of the non-NMDAR
Suggest an Increase in the Number of Active EPSC amplitude histogram during L-LTP-it should disZones in a Presynaptic Bouton play a low fraction of failures and multiple peaks.
Since the quantal amplitude measured from the evoked EPSC amplitude histogram does not change after SpTo test this hypothesis we compared the amplitude cAMPS treatment ( Figure 3D ), we expected that the successes may be due to multiquantal release resulting from an increase in the number of functional synaptic mEPSC amplitude distribution would also be unchanged. However, we find that during L-LTP, the mean amplitude sites between a single CA3 neuron and a single CA1 neuron. The finding that during L-LTP, elevation of Ca 2ϩ of the mEPSCs is enhanced almost twofold relative to the basal value (Figures 10 and 11 ; p Ͻ 0.004, ANOVA). significantly enhances release suggests that, in normal Ca 2ϩ , the probability of release at these new synapses In addition, during L-LTP, the mEPSC distribution is significantly broader than the basal mEPSC distribution may be quite low. A low release probability at newly formed synapses is consistent with the finding that (with a significant increase in the coefficient of variation, p Ͻ 0.007; Figure 11E ). This effect of Sp-cAMPS on paired pulse facilitation, which is due to an increased probability of release, is not occluded by late LTP. This mEPSC size is blocked by anisomycin, indicating that, like L-LTP, the change in the mEPSC amplitude also contrasts with the early phase of LTP, where the initial functional synapse often shows a high release probadepends on protein synthesis ( Figure 11E) .
How can the increase in mEPSC amplitude be reconbility. The enhancement of synaptic transmission reported ciled with the lack of change of the evoked EPSC quantal size? One possible explanation for the increase in by the field EPSP ‫)%05ف(‬ was significantly less than the two-to fourfold enhancement expected from the mEPSC size and coefficient of variation that is consistent with the lack of change of the quantal amplitude of decrease in failures rate and increase in potency seen in the unitary synaptic recordings. This discrepancy may the evoked EPSC is that some of the larger mEPSCs may reflect multiquantal, spontaneous release, as previously reflect the fact that field stimulation in stratum radiatum recruits a mixed population of excitatory and inhibitory reported for a number of other central and peripheral synapses (Liley, 1957; Kraszewski and Grantyn, 1992;  inputs, whereas the focal stimulation recruits a homogeneous population of excitatory inputs from CA3 neurons. Ulrich and Luscher, 1993; Korn et al., 1993 Korn et al., , 1994 . Korn et al. (1993 Korn et al. ( , 1994 have proposed that
In addition, there are subtle differences between the two experimental procedures that may influence the insuch events arise due to the synchronous release of synaptic vesicles from multiple active zones that are duction of L-LTP (e.g., holding a slice submerged in a recording chamber for Ͼ3 hr in the field potential localized in a single presynaptic bouton, perhaps due to spontaneous [Ca 2ϩ ]i elevations within the presynaptic recordings versus incubation of slices in a well oxygenated chamber in the unitary EPSC recordings). Despite terminal (Melamed et al., 1993) . Thus, the increase in mEPSC size could reflect the addition of new release these quantitative differences, Sp-cAMPS was able to induce a long-lasting potentiation in both protocols that sites at the original presynaptic bouton, accounting for both the evoked and the spontaneous release of multiple was antagonized by Rp-cAMPS and was dependent on protein synthesis. quanta (Figure 10 , inset). It should be emphasized that only a fraction of all release events, both spontaneous and evoked, are likely to be synchronous.
cAMP-Induced L-LTP Provides a Model
To explore the possibility that the enhanced mEPSC for Electrically Induced L-LTP size associated with L-LTP represents multiquantal
To ensure that L-LTP would be induced at all synapses spontaneous release, we attempted to desynchronize in these experiments, we used bath application of Spsuch release by substitution of Sr 2ϩ for extracellular cAMPS rather than electrical stimulation. This raises the Ca 2ϩ , which can desynchronize evoked release (Miledi, question as to whether the Sp-cAMPS-induced en-1966; Goda and Stevens, 1994) . If Sr 2ϩ desynchronizes hancement we observe here is identical to the enhancespontaneous release from boutons containing multiple ment of synaptic transmission observed during the late release sites, we would predict a decrease in the mean phase of LTP in response to electrical stimulation. AlmEPSC amplitude during L-LTP with no change under though it will be important to investigate this point dibasal conditions. As shown in Figure 11 , this prediction rectly, several lines of evidence strongly suggest that was indeed confirmed. Substitution of Sr 2ϩ for Ca 2ϩ sigthe two forms of plasticity are closely related. Thus, nificantly reduces the mean mEPSC amplitude in slices both the Sp-cAMPS potentiation and L-LTP depend on pretreated with Sp-cAMPS (p Ͻ 0.004) but has no signifiprotein synthesis and are sensitive to various cAMP cant effect in control slices (p Ͼ 0.05). The mEPSC reantagonists (Frey et al., 1993) . Mice lacking tissue-type sults are thus consistent with the view that the cAMPplasminogen activator (t-PA) through homologous redependent late phase of LTP results from an increase combination show defects in both electrically induced in the number of sites of synaptic transmission.
L-LTP and Sp-cAMPS potentiation, whereas E-LTP is not altered (Huang et al., 1996b) . Moreover, mice exDiscussion pressing a dominant negative regulator of PKA also show a selective defect in L-LTP and a blockade of Our results provide novel insights into the synaptic L-LTP in response to Sp-cAMPS (Abel et al., 1997) . Permechanisms underlying the late phase of LTP and reveal haps the strongest evidence for a selective action of intriguing differences, as well as similarities, with the cAMP analogs to induce L-LTP is the finding that electriearly phase of LTP. Like E-LTP, the late phase of LTP cally induced L-LTP occludes the potentiating effect of involves a decrease in the fraction of failures of synaptic these compounds (Frey et al., 1993; Pockett et al., 1993) transmission. Distinct from the early phase, the late and the induction of L-LTP with Sp-cAMPS occludes phase also involves an enhancement in the average amsubsequent electrically induced L-LTP but not E-LTP plitude of the successes (increased potency). Our analysis indicates that this enhancement in the amplitude of (Frey et al., 1993) . (E) Effect of Ca 2ϩ elevation on cumulative mEPSC distribution during L-LTP. mEPSCs were first measured in normal (2.5 mM) Ca 2ϩ and then in elevated (5.0 mM) Ca 2ϩ . For each cell, mEPSC amplitudes were normalized by median mEPSC value in 2.5 mM Ca 2ϩ . Distributions plot the fraction of mEPSCs with amplitudes less than the value given on the x-axis (n ϭ 4). The bottom panel is an illustration of a potential mechanism for increased mEPSC size during L-LTP (right synapse) due to formation of multiple release sites (active zones) in a single presynaptic bouton through growth of perforated synapses. under basal conditions (control; n ϭ 13), after treatment with Sp-cAMPS (Sp-cAMPS; n ϭ 17), and after treatment with Sp-cAMPS in the presence of anisomycin (Sp-cAMPS ϩ Aniso; n ϭ 3). Data also show mean mEPSC amplitude in extracellular Sr 2ϩ from slices under basal conditions (Control ϩ Sr 2ϩ ; n ϭ 6) and after exposure to Sp-cAMPS (Sp ϩ Sr 2ϩ ; n ϭ 6). Box plots as in Figure 3 . In control slices, mean mEPSC amplitude was Ϫ6.56 Ϯ 2.9 pA in Ca 2ϩ -containing solution and Ϫ6.15 Ϯ 2.74 pA in Sr 2ϩ -containing solution (no significant difference; paired t test, p Ͼ 0.05; n ϭ 6). During L-LTP, the mean mEPSC amplitude in potentiated slices was significantly greater in Ca 2ϩ -containing solution (Ϫ8.56 Ϯ 5.93 pA) than in Sr 2ϩ -containing solution (Ϫ6.88 Ϯ 3.52; paired t test, p Ͻ 0.004; n ϭ 6).
L-LTP May Reflect the Insertion of Both New
least 50% of the non-NMDA receptors (Tong and Jahr, 1994; Tang et al., 1994; Silver et al., 1996) . A second Active Zones into Preexisting Presynaptic Terminals and New Specializations possibility is that there is new growth of both presynaptic terminals and postsynaptic specializations, leading to into Postsynaptic Spines The multiquantal release that we observe could arise an increase in the number of synapses. Finally, the finding that the size of the mean mEPSC increases during from one of three mechanisms. First, there could be an increase in the number of vesicles released from a single L-LTP suggests a third possible mechanism, the insertion into a preexisting presynaptic terminal of new active preexisting active zone. Although there is strong evidence that a single active zone releases only a single zones that can synchronously release transmitter. These new release sites would presumably contact new postvesicle (Korn et al., 1994) , this condition may not hold under all circumstances. However, to explain the fact synaptic sites on the CA1 neuron. We favor this latter explanation over the conventional interpretation that an that some EPSCs appear to be comprised of four (or more) quanta during L-LTP, the postsynaptic receptors increase in mEPSC amplitude reflects a change in postsynaptic sensitivity of the receptors for two reasons. would have to be far from saturated in response to a single quantum of transmitter. Present estimates of reFirst, we see no change in the quantal amplitude of the evoked EPSC. Second, substitution of extracellular Sr 2ϩ ceptor saturation vary among different synapses, although it appears likely that under basal conditions, the for Ca 2ϩ is largely able to reverse the increase in mEPSC size. However, since the mEPSCs arise from a diverse transmitter released from a single quantum occupies at by KOH). Series resistance ranged from 10-20 M⍀. Current was population of presynaptic terminals, there may be an filtered at 1 kHz and digitized at 2-5 kHz.
increase in postsynaptic response from presynaptic terFor experiments in which unitary EPSCs were recorded, low intenminals distinct from those that we stimulate during our sity current pulses (25-100 A; 50-100 s duration) were applied unitary CA3-CA1 EPSC recordings. through a fine-tipped (2 m), concentric stimulating electrode conOne attractive structural mechanism for the change sisting of a patch pipette that was coated with silver paint. The two leads of the stimulus isolation unit (WPI, 1850A, Sarasota, FL) were in synaptic function we observe during late LTP is connected to the inside of the pipette and the external silver coat.
through the formation of perforated synapses. GeinisThe stimulating pipette was pressed onto the CA3 cell body layer man et al. (1993) have observed an increased number to elicit synaptic currents (Jonas et al., 1993; Bolshakov and of such synapses associated with plasticity, including Siegelbaum, 1995) . The CA1 neuron was voltage-clamped at Ϫ70 hippocampal LTP. At these synapses, a projection or mV using whole-cell patch electrodes (3-10 M⍀, no fire polishing) spinule from the postsynaptic spine inserts into the preidentical to those used above, except 130 mM Cs-gluconate was used instead of 120 mM KCl. Series resistance ranged from 10-40 synaptic bouton, splitting the active zone into discrete M⍀, which was similar among the different populations of slices regions. This mechanism could thus explain our results incremental stimulating current intensities (Raastad et al., 1992) . If the mean EPSC amplitude did not show a steep all-or-none threshold as a function of current intensity, the recording was not used. In
Existence of Two Phases May Help Account for
all cases where a sharp threshold was observed, increasing current
Certain Discrepancies in the Study of LTP
intensity 50%-100% above this threshold had no effect on the EPSC, Recently, Edwards (1995) (temperature, solutions, age of animals, stimulus protowere Sp-cAMPS, Na-salt, and Rp-8-Br-cAMPS, Na-salt obtained col), the "late" phase were to become expressed at from Biolog, La Jolla, CA; picrotoxin, anisomycin, ATP Mg-salt, and different times under different conditions, it could ex-GTP Na-salt were obtained from Sigma, St. Louis, MO. plain why some groups routinely report postsynaptic Data Analysis enhancements, whereas others see only presynaptic Unbinned (smoothed) EPSC amplitude density estimates were concomponents. Our study supports the view that quantal structed using a Gaussian kernel whose SD was one-half that of analysis of unitary CA3-CA1 synaptic connections prothe baseline noise SD as described (Malinow, 1991) . Binned EPSC vides a powerful means for addressing the mechanisms histograms were fit by various distributions by a nonlinear maximum of various forms of hippocampal synaptic plasticity. likelihood simplex routine. A single Gaussian function was first fit to the baseline noise histogram to obtain the mean and SD of the baseline noise peak. The EPSC amplitude histogram was fit by the Experimental Procedures sum of j ϩ 1 Gaussian functions. The mean amplitude and SD of one Gaussian function were constrained to be equal to the values Electrophysiological Recordings obtained from the Gaussian fit to the baseline noise to describe the Hippocampal slices (250-300 m) were prepared from 2-to 3.5-failures peak. The EPSC successes were simultaneously fit by the week-old Sprague-Dawley rats with a vibrotome and continuously sum of j Gaussian functions of the form: superfused in solution containing (in mM): 119 NaCl, 2.5 KCl, 2.5 CaCl 2, 1.0 MgSO4, 1.0 NaH2PO4, 26.2 NaHCO3, 10 glucose, and 100 picrotoxin and equilibrated with 95% O 2 and 5% CO2 (pH 7.3-7.4)
h at 20ЊC-23ЊC. Field potentials from the CA1 stratum radiatum region were recorded with an extracellular recording electrode ‫3ف(‬ M⍀) filled with extracellular solution. To elicit field EPSPs, afferent fibers where a h is the area under the hth Gaussian component, h is the in the stratum radiatum were stimulated every 30 s with bipolar mean amplitude, and x i is the amplitude of the ith EPSC.
2 h was tungsten electrodes (no picrotoxin was added).
calculated assuming a constant quantal variance that increased Whole-cell recordings of compound and unitary EPSCs were oblinearly with the number of quanta per peak and is given by: tained from CA1 pyramidal cells (Blanton et al., 1989 (Redman, 1990; Bekkers et al., 1990; Stricker et al., 1994 (1989) . Whole cell of fit between two models, H0 and H1, we used the Monte Carlo recording from neurons in slices of reptilian and mammalian cerebral simulation approach of Stricker et al. (Stricker and Redman, 1994; cortex. J. Neurosci. Meth. 30, 203-210. Stricker et al., 1994) . H0 and H1 (e.g., two versus three Gaussian components) are first fit to the experimental EPSC histogram using Bliss, T.V.P., and Collingridge, G.L. (1993) . A synaptic model of a maximum likelihood criterion. The goodness of fit of H0 and H1 memory: long-term potentiation in the hippocampus. Nature 361, are compared from the log-likelihood ratio, Ϫ2[L(H0) Ϫ L(H1)]exp. If 31-39. H1 provides a better fit (greater likelihood), we then evaluate whether Blitzer, R.D., Wong, T., Nouranifar, R., Iyengar, R., and Landau, E.M. the fit is significantly better than that of model H0, the null hypothe- (1995) . Postsynaptic cAMP pathway gates early LTP in hippocampal sis. The best fit of H0 to the experimental data is used as a parent CA1 region. Neuron 15, 1403-1414. distribution from which we generate 100-250 simulated EPSC distriBolshakov, V.Y., and Siegelbaum, S.A. (1994) . Postsynaptic inducbutions (each containing the same number of events as the experition and presynaptic expression of hippocampal long-term depresmental distribution) using Monte Carlo sampling. Each of the simusion. Science 264, 1148-1152. lated histograms, i, is then fit by both distributions, H0 and H1, and Bolshakov, V.Y., and Siegelbaum, S.A. (1995) . Regulation of hippoa cumulative probability histogram of the log-likelihood ratios based campal transmitter release during development and long-term poon these fits, -2[L(H0) Ϫ L(H1)] i, is constructed (see Figure 4) . The tentiation. Science 269, 1730-1734. probability, ␣, is given by the fraction of simulations with log-likelihood del Castillo, J., and Katz, B. (1954) . Quantal components of the endratios greater than or equal to the experimental value of -2[L(H0) Ϫ plate potential. J. Physiol. 124, 560-573. L(H1)]exp. If ␣ Ͻ 0.05, then we reject the null hypothesis and conclude that model H1 provides a significantly better fit than H0.
Dityatev, A.E., Kozhanov, V.M., Gapanovich, S.O., and Clamann, A second, independent test for the presence of equally spaced H.P. (1994) . Quantal analysis based on spectral methods. Pflü gers peaks in the EPSC histograms used spectral analysis (Dityatev et Arch. 429, 22-26. al., 1994) . The cumulative EPSC amplitude distribution for each CA3-Edwards, F. (1991) . LTP is a long term problem. Nature 350, 271-272. CA1 recording is measured and fitted by a high order polynomial Edwards, F. (1995) . LTP-a structural model to explain the inconsisfunction to approximate the experimental distribution by a continutencies. Trends Neurosci. 18, 250-255. ous, skewed, unimodal function. Failures are excluded from the Fatt, P., and Katz, B. (1952) . Spontaneous subthreshold activity at analysis to evaluate whether the successes alone contain multiple motor nerve endings. J. Physiol. 117, 109-128. peaks. The probability density function (PDF) is then calculated for the EPSCs using a Gaussian kernel whose SD is half the measured Foster, T.C., and McNaughton, B.L. (1991) . Long-term enhancement SD of the baseline noise. The equivalent PDF for the unimodal polyof CA1 synaptic transmission is due to increased quantal size, not nomial function is obtained by differentiating the polynomial funcquantal content. Hippocampus 1, 79-91. tion, yielding a unimodal distribution with no peaks. We then deterFrey, U., Krug, M., Reymann, K.G., and Matties, H. (1988) . Anisomine whether any peaks observed in the experimental PDF can mycin, an inhibitor of protein synthesis, blocks late phases of LTP arise by random sampling of an underlying unimodal distribution, phenomena in the hippocampal CA1 region in vitro. Brain Res. 452, approximated by the polynomial function. The polynomial PDF is 57-65. first subtracted from the experimental PDF. The spectral density of Frey, U., Huang, Y.-Y., and Kandel, E.R. (1993) . Effects of cAMP the difference curve is then obtained by a fast Fourier transform to simulate a late stage of LTP in hippocampal CA1 neurons. Science determine the maximal spectral density, Smax, and frequency (1/ 260, 1661-1664. EPSC current value) at which S max occurs. By random sampling of Geinisman, Y., de Toledo-Morrell, L., Morrell, F., Heller, R.E., Rossi, the polynomial PDF, we generate 100 simulated PDF distributions M., and Parshall, R.F. (1993) . Structural synaptic correlate of longcontaining the same number of events as the experimental distributerm potentiation: formation of axospinous synapses with multiple, tion. For each case, we subtract the polynomial PDF from the simulated PDF and obtain a value for Smax from the spectrum analysis. The completely partitioned transmission. Hippocampus 3, 435-445. distribution of these simulated S max values, based on a continuous Goda, Y., and Stevens, C.F. (1994) . Two components of transmitter polynomial distribution, is then compared to the experimental S max release at a central synapse. Proc. Natl. Acad. Sci. USA 91, 12942-value. The probability, p, that the extent of "peakiness" of the experi-12946. mental distribution could have arisen from the limited sampling of Huang, Y.Y., and Kandel, E.R. (1994) . Recruitment of long-lasting a unimodal distribution is given by the fraction of simulated distribuand protein kinase A-dependent long-term potentiation in the CA1 tions having S max values equal to or greater than the experimental region of hippocampus requires repeated tetanization. Learn. Mem. distribution.
1, 74-82.
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